Neutrons from an Sb-Be neutron source are produced by the 9Be(g, n)8Be reaction, in which 1.691-MeV g-rays of 124Sb play an essential role . The nuclides 124Sb (T1/2=60.3 d) and 125Sb (T1/2=2.27 yr) are produced by nuclear transformation from 123Sb (natural abundance of 42.7%) through the single and double neutron capture processes in a reactor . In the former process, satisfactory agreement has been obtained among the measured values of the 123Sb(n, g)124Sb cross section at thermal neutron energy .
In the double neutron capture process, however, the measured values of the 124Sb (n, g)125Sb cross section at thermal neutron energy show large discrepancy ; that is, 2,000 b has been reported by Murin et Elgart(3) . The fact that the target sample of 124Sb is not stable but radioactive is considered to be one of the difficulties for the measurement . The (n, g) crosssection measurement for 124Sb has not been performed so much , because a cooling time necessary for the measurement is rather long in order to distinguish the produced activities of 124Sb and 125Sb by using the difference of their half-lives . As for the 125Sb(n , g)126Sb cross section, there is no measurement at all but theoretical evaluation(4)(5), since this reaction is triple neutron capture process and is seldom to occur in a reactor .
In this study, an antimony sample was irradiated in a nuclear reactor JRR-3 . After cooling of 3.50 yr, the spectrum of the antimony sample irradiated was measured by a Ge(Li) detector, and the photo-peak yield ratio of 125Sb (Eg= 428 keV) to 124Sb (Eg=1 .691 MeV) was obtained in order to estimate the effective thermal neutron capture cross section of 124Sb. An additional measurement such as the present work may be useful to solve * Tokai -mura, Ibaraki-ken 319-11.
the discrepancy of factor of 500 among the thermal neutron capture cross sections measured so far.
II. ANALYTICAL FORMULAS
Because of the successive thermal neutron capture processes , the time dependent differential equations for the production of the radioactive nuclides 124Sb and 125Sb are expressed as follows : Here, N3(0) refers to the number of target nuclei 123Sb at t=0. The target nuclei are irradiated by thermal neutrons for the period of Ti, and cooled down for the period of Tc. Then, at the time of measurement after Tc the activity ratio of 125Sb to 124Sb, A 5/A4, is given by the following equation :
Therefore, the unknown thermal neutron capture cross section s4 of 124Sb can be estimated as a function of the activity ratio A5/A4 by Eq. ( 5 ), where the values of p, s3, s 5, l4, l5, Ti and Tc are assumed to be known.
In the present study, the curve of s4, vs. A5/A4 was numerically calculated with
-11 -a PDP 11 computer, and the cross section s4 was determined on this curve as the intersection with the A5/ A4 value, which was obtained by the g-ray spectrum measurement of the antimony source, as will be stated in the next chapter.
III. EXPERIMENTAL 1. Source Preparation and Measurement of g-ray Spectrum The antimony sample was irradiated for Ti=283.5 h with the thermal neutron flux of 6> 1012 n/cm2•s (nominal) at the JRR-3. The sample was 1.2 cm in dia. and 4 cm long, which was encapsulated tightly in an aluminum case. After cooling about 3.3 yr, the aluminum case was cut and separated from the irradiated antimony sample. Then, the radioactive antimony source was shaped to the size of about 1 mm in dia. and thickness. The weight of the antimony source was 2.02 mg.
The g-ray spectrum of this source was measured by the 50 cc coaxial type Ge(Li) detector at the distance of 5 cm between source and detector surface.
The result is shown in Fig. 1 , where the cooling time of the source was 3.50 yr at the time of measurement. The two photo-peaks of 428 keV (125Sb) and 1.691 MeV (1248b) were used for the measurement of the activity ratio A5/A4 . The photo-peak of 1.333 MeV (60Co) was used for the determination of the thermal neutron flux. 
Measurement of Activity Ratio A5/A4
The activity ratio A5/A4, was experimentally obtained from the g-ray spectrum
shown in Fig. 1 by analyzing the photo-peak yield ratio Y5/ Y4 of 125Sb (Eg-=428 keV) to 124 Sb (Eg-1.691 MeV). The relation between A5/A4 and Y5/ Y4 is the following :
Here, e4/e5 is the photo-peak efficiency ratio of 1.691 MeV to 428 keV g-rays in the Ge(Li) detector and R4/R5 is the ratio of g-ray intensity per decay of 124Sb to 125Sb. The measurement of the g-ray spectrum shown in Fig. 1 was carried out for the period of 259,732 s (about 3 d) in order to increase the statistical accuracy of the counts in the photo-peak yields of interest. The g-ray energies of the spectrum were assigned to either 125Sb or 124Sb by referring to Nuclear Data Sheets(6) (7), except for the g-rays of 60 Co. The 1.461-MeV g-ray shown in Fig. 1 was due to 40K in the background.
The photo-peak yields of Y5 (Eg=428 keV) and Y4 (Eg-1.691 MeV) in the spectrum were 121,824 and 18,695 counts, respectively.
The photo-peak efficiency of the 50 cc coaxial type Ge(Li) detector was obtained from the measurement by Tojo(8) at the distance of 5 cm between source and detector surface. The values of the efficiency used for the 428-keV and 1.691-MeV g-rays were e5=3.4 x 10-3 and e4= -8.6 x 10-4, respectively. The values of the g-ray intensity per decay were R5=0.298 and R4=0.484, which were estimated from the data taken from Nuclear Data Sheets for A=125(6) and 124(7), respectively.
By using these values mentioned above, the experimental result for the ratio A5/A4 in Eq. ( 6 ) was obtained as 2.67 +-0.20. The uncertainty of the ratio A5/A4, resulted from the errors of 5% in the photo-peak efficiency and 5.6% in the g-ray intensity per decay.
3. Determination of Thermal Neutron Flux As seen in Fig. 1 , there are photo-peaks of 1.173 and 1.333 MeV from 60Co in the Sb spectrum.
They were due to cobalt impurity included in the antimony sample. The actual thermal neutron flux p at the position of the antimony sample irradiated was estimated by measuring the 1.333 MeV photo-peak area, from which the activity of 60Co at t -=Tc, A60(Tc), was obtained by using the photo-peak efficiency 9.6 x 10-4 for the 1.333-MeV g-ray.
The photo-peak yield for this g-ray was 4,683 counts. By knowing the number of the 59Co atoms N59(0) in the antimony sample at the beginning of the irradiation and the thermal neutron capture cross section s0 of 59Co, the thermal neutron flux p (n/cm2-s) was then determined by using the following equation (9) : Here, l60
and Ti are the decay constant of 60Co, the cooling time and the irradiation time, respectively. F1 is a correction for diminution of 59Co and 60Co during the irradiation, and F2 a correction for epithermal activation of 59Co.
The number of 59Co atoms, N59(0), were obtained as 1. 
-13 -time of 283.5 h, and the value of 1.02 for F2 was obtained by using the cadmium ratio Rcd of 52 for Co, which was calculated from the Rcd of 7.5 for Au at the irradiation hole of the JRR-3(10). The result thus obtained for the thermal neutron flux p was (4.92 +-0.38) x 1012 n /cm2-s. The uncertainty of 7.8% in p was mainly due to the assigned errors of 5.2% in A60(Tc), 3% in F2 and 5% in N69(0). The numerical values of s0, l60, Tc and Ti used for the flux determination are tabulated in Table 1. IV . RESULTS AND DISCUSSIONS
Results
As stated in Chap. II, the curve of s4 vs. A5/A4 in Eq. ( 5 ) was calculated by the PDP 11 computer, and the result of the calculation is shown in Fig. 2 . Three different curves in Fig. 2 correspond to those of Eq. ( 5 ) From these curves, the unknown reactor neutron capture cross section for 124Sb was determined as 17.4+2.8-2.5 g b. The errors of the cross section were estimated from the uncertainties of 7.8% in the neutron flux and 7.5% in the activity ratio, as indicated in Fig. 2 . The numeri- Table 1 Nuclear data used in Eqs. ( 5 ) and ( 7 ) t A mean value of those reported in Refs. (1) and (5).
The curves were obtained by the numerical calculation of Eq. (5). cal values of s3, s5,"l4 and l5, which were used for the present calculation, are also tabulated in Table 1 .
In the determination of the thermal neutron flux p , the correction of epithermal activation F2 was applied. Accordingly, it was reasonable to use s3 (effective thermal neutron capture cross section) instead of s3 (thermal neutron capture cross section) in Eq.
(5). However, the difference between the s4 values at A5/A4=-2.67, which were calculated with the different cross section values of s3=5.88 b(11) and s3=4.33 b(12), was less than 10-4 b. This difference was well within the limit of experimental errors, so that s 3=4.33 b was used in the present calculation.
2. Discussions In principle, one is able to estimate the unknown cross section value s4 by using Eq. ( 3 ), instead of Eq. ( 5 ). If one uses Eq. ( 3 ) under the condition of p=5 x 1012 n/cm2•s, the following relation for A4" the activity of 124Sb, is deduced with a good approximation :
It means that .4, does not depend on s4,. Namely, the method of absolute counting of 124 Sb activity is quite insensitive to s4.
On the other hand, as in the present method of relative counting, the measured activity ratio A5/A4 affects sensitively to s4. Therefore, it is much better to use the activity ratio A5/A4 than the absolute activity A4 in order to obtain the value of s4a.
The 125Sb(n, g)126Sb cross section s5 used in the present calculation is a mean value of 0.97 b(4) and 10 b(5), both of which have been estimated theoretically.
The sensitivity of s5 to s4 was checked in Eq. ( 5 ), and no effective change was found (<0.0001 b) in the two results of s4, where the above two evaluated values were used.
The antimony sample used in this study was originally activated in the irradiation hole of the JRR-3 for making the Sb-Be neutron source, so that no irradiation covered with cadmium was carried out. Then, the result obtained gives the reactor neutron capture cross section, that is, not thermal but effective (including epithermal) neutron capture cross section. It is, therefore, considered that the present cross section value obtained is a maximum value for the thermal neutron capture cross section of 121Sb. 
